Persistent apical periodontitis (PAP) is characterized by refractory inflammation and progressive bone destruction. Enterococcus faecalis infection is considered an important etiological factor for the development of PAP, although the exact mechanisms remain unknown. This study aimed at investigating the role of E. faecalis in cell proliferation, inflammatory reactions and osteoclast differentiation of macrophages using an in vitro infection model of osteoclast precursor RAW264.7 cells. A cell viability assay of cultured RAW264.7 cells exposed to live E. faecalis at a multiplicity of infection of 100 for 2 h, indicated that the infection exhibited no cytotoxic effect. Transmission electron microscopy images revealed no apoptotic changes but a rise of metabolic activity and phagocytic features in the infected RAW264.7 cells. Confocal laser scanning microscopic and flow cytometric analysis indicated that the phagocytosis of RAW264.7 cells was activated by E. faecalis infection. Furthermore, quantitative real-time PCR assays demonstrated that the expression of inflammatory cytokines was remarkably elevated in infected RAW264.7 cells. Differentiation of infected RAW264.7 cells into osteoclasts was remarkably attenuated, and expression of osteoclast marker genes as well as fusogenic genes significantly dropped. In summary, E. faecalis appears to attenuate osteoclastic differentiation of RAW264.7 precursor cells, rather stimulates them to function as macrophages.
Introduction
Bone destruction in the periradicular region due to persistent apical periodontitis (PAP) is the result of chronic inflammation [1] that creates an imbalance between bone formation and resorption [2] . Fusion of monocytes and macrophages results in formation of osteoclasts, which are highly specialized cells for bone absorption [3] . The role of macrophages in mediating immune response is well-known: once localized to a site of infection, macrophages phagocytize bacterial invaders, recognize bacterial virulence factors through pattern-recognition receptors, and secrete an abundance of immuno-regulatory products [4, 5] . Macrophages have garnered significant attention due to their dual-ability to serve as osteoclast precursors as well as immune response modifiers. In part, this is because of the release of pro-inflammatory cytokines, particularly IL-1β, IL-6, and TNF-α, which promote osteoclast formation and activity, resulting in periradicular bone resorption [6, 7] .
Although root canal and periradicular infections are characterized by a complex microbiome, the most frequently isolated pathogen is Enterococcus faecalis [8, 9] , ranging in prevalence from 24-77% [10] . This bacterium resists harsh environmental conditions such as alkalinity, malnutrition and endodontic medicaments, thereby surviving contemporary treatment modalities resulting in persistent infection [11] [12] [13] . Furthermore, it possesses an array of virulence factors such as lipoteichoic acid (major cell wall constituent), ace (collagen binding protein), cylA (hemolysin activator), esp (protein surface), and gelE (gelatinase) which facilitate its adherence and invasion, thereby triggering or exacerbating inflammatory responses [14] .
The effects of E. faecalis in mediating persistent apical periodontitis are unclear. While two studies showed that purified LTA of E. faecalis or heat-killed E. faecalis (HKEF) attenuated the differentiation of macrophages into osteoclasts [15, 16] , another paper indicated that HKEF enhanced osteoclastogenesis [17] . This divergent data demonstrates an urgent need to elucidate the impact of E. faecalis on osteoclastogenesis. The aim of this present study was to investigate the effect of E. faecalis on cell proliferation, inflammatory reactions and osteoclastogenesis of RAW264.7 macrophages via an in vitro model using live E. faecalis (LEF).
Materials and methods
2.1. Bacterial culture and preparation of heat-killed E. faecalis E. faecalis strain OG1RF was used in this study. Following routine streaking on brain heart infusion (BHI) agar (Difco, Sparks, MD, USA) and aerobic culture, a single bacterial colony was inoculated into BHI broth up to the exponential phase. To obtain HKEF, bacteria were collected by centrifugation and exposed to a temperature of 85°C for 1 h, following a protocol described previously [17] . HKEF was then recultivated on BHI agar to confirm the heat-killing process.
RAW264.7 cells infected with E. faecalis
RAW264.7 murine macrophage cell line (ATCC, Manassas, VA) was cultured in Alpha-minimal essential medium (α-MEM; Gibco, New York, NY, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA) at 37°C in a humidified 5% CO 2 , 95% air atmosphere.
RAW264.7 cells were seeded overnight in six-well culture plates at a density of 6 × 10 5 /well. E. faecalis was added to the culture at a multiplicity of infection (MOI) of 100 to allow adhesion and internalization. After 2 h of exposure, unbound bacteria were discarded. Adherent extracellular bacteria were subsequently killed by incubation with medium containing nisin (4000 μg/mL) and ciprofloxacin (8 μg/ mL) for 1 h. The validity of this process was confirmed by the absence of bacterial growth when inoculated on BHI agar. RAW264.7 cells were then incubated in two media: α-MEM and in a medium supplemented with recombinant murine receptor activator of nuclear factor κB ligand (RANKL; R&D Systems, Minneapolis, MN, USA).
Cell viability assay
RAW264.7 cells infected with E. faecalis were seeded in 96-well plates at 2.5 ×10 3 /well and infected with LEF or HKEF for 2 h. At 0, 24, 48, 72, and 96 h after infection, 10 μl CCK-8 (Cell Counting Kit-8; Dojindo Laboratories, Kumamoto, Japan) was added into every well following manufacturer's instructions and absorbance of the supernatant was recorded at 450 nm with a microplate reader (Tecan, Reading, UK). RAW264.7 cells exposed to bactericides (nisin and ciprofloxacin) for 1 h served as negative controls, and cells without exposure to E. faecalis and bactericides served as blank controls. All determinations were performed in quintuplicate.
Transmission electron microscopy
RAW264.7 cells were infected with LEF or HKEF for 2 h. At 24 h post infection, the cells were harvested and fixed with a solution containing 2% paraformaldehyde and 0.5% glutaraldehyde for 4 h, stained with 1% osmic acid, dehydrated and embedded in resin and cut using a diamond knife on a microtome (Sorvall MT-5000; Du Pont, Palo Alto, CA, USA) to obtain 100 nm ultra-thin sections. The sections were collected on copper grids and observed under a TEM (JEM-1400 Plus, JEOL Ltd., Tokyo, Japan). [18] . Infected cells were then fixed, stained with rhodamine phalloidin (Cytoskeleton, USA) and DAPI, and were observed under a CLSM (Carl Zeiss, Thornwood, NY, USA). Images were processed using commercial software (ZEN 2012 Light Edition, Carl Zeiss). The same labeled cells were quantitatively evaluated using FACscalibur (BD Biosciences, San Jose, CA, USA). Raw data were analyzed using Flowjo (Tree Star Inc., Ashland, OR, USA).
Quantitative real-time polymerase chain reaction (qRT-PCR) for analysis of inflammatory cytokines
RAW264.7 cells were cultured for 6 or 24 h after 2 h of infection with E. faecalis. Total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA, USA) and purified. RNA concentrations were determined spectrophotometrically. The cDNA synthesis reaction was carried out using the Reverse Transcription Kit (Takara, Kyoto, Japan). The qRT-PCR was performed with LC480 SYBR Green Ⅰ master mix (Roche, Indianapolis, IN, USA), using universal cycling conditions on LightCycler 480 (Roche). Each plate contained β-actin as the housekeeping gene, and the relative expressions for the test gene were normalized using the 2 -ΔΔCt method.
The primer sequences were as follows: IL-1β, 5′(GAAATGCCACCTTTTGACAGTG)3′, and 5′(TGGATGCTC TCATCAGGACAG)3′; TNF-α, 5′(CTGAACTTCGGGGTGATCGG)3′, and 5′(GGCTTGTCACTCGAATTTTGAGA)3′; IL-6, 5′(TCTATACCACTTCAC AAGTCGGA)3′, and 5′(GAATTGCCATTGCACAACTCTTT)3′; MCP-1, 5′(CACTCACCTGCTGCTACTCATT)3′, and 5′(CACTGTCACACTGGT CACTCCT)3′; iNOS, 5′(GTTCTCAGCCCAACAATACAAGA)3′, and 5′(GTGGACGGGTCGATGTCAC)3′; and β-actin, 5′(CATCCGTAAAGACCTCTATGCCAAC)3′, and 5′(ATGG AGCCACCGATCCACA)3′.
Osteoclast differentiation
RAW264.7 cells were infected with LEF or HKEF for 2 h and incubated with 60 ng/mL of RANKL for 4 d to induce differentiation [19] . The culture medium was replaced every other day. Uninfected cells served as positive control. Osteoclast differentiation was detected by TRAP staining using the leukocyte acid phosphatase kit (Sigma-Aldrich). Only TRAP-positive, multinucleated (≥ 3 nuclei) cells were identified as mature osteoclasts. Mature osteoclasts in each well with 6 ≥ nuclei ≥ 3, 10 ≥ nuclei≥ 7, and nuclei ≥ 10 were counted.
Expression of the genes related with osteoclastogenesis i.e., Acp5 (TRAP), Ctsk (cathepsin K), c-fos, Dcstamp, and Atp6v0d2, were examined by qRT-PCR. Uninfected and non-RANKL induced RAW264.7 cells served as negative control. Total RNA was extracted from the infected cells and the negative control, and then reverse-transcribed to cDNA. Primer sequences were designed as follows:
Acp5, 5′(ACCTTGGCAACGTCTCTGCAC)3′, and 5′(GTCCAGCA TAAAGATGGCCACA)3′; Ctsk, 5′(CTCGGCGTTTAATTTGGGAGA)3′, and 5′(TCGAGAGGGAGGTATTCTGAGT)3′; c-fos, 5′(CGGCATCATCTAG GCCCAG)3′, and 5′(TCTGCTGCATAGAAGGAACCG)3′; Dcstamp, 5′(TACGTGGAGAGAAGCAAGGAA)3′, and 5′(ACACTGAGACGTGGT TTAGGAAT)3′; Atp6v0d2, 5′(CAGAGCTGTACTTCAATGTGGAC)3′, and 5′(AGGTCTCACACTGCACTAGGT)3′.
Statistical analysis
Data were represented as mean ± standard deviation (SD) from at least three independent experiments. The distribution of all the data had been confirmed to be normal by a normality test using SPSS 20.0. Comparison of data between the control and treatment groups was performed using one-way ANOVA followed by Tukey HSD for multiple comparisons with the alpha error set at P = 0.05.
Results

Cell viability in RAW264.7 cells
The highest cell viability was observed in the LEF-infected group at 24 and 48 h after 2 h of infection, and this was significantly higher than the blank control (P < 0.05). However, at the 72 and 96 h post-infection, no significant differences were observed between the LEF, HFEF and control groups (P > 0.05). The HKEF-infected group demonstrated no significant difference compared to the blank and negative control at any time point of the experiment (P > 0.05) (Fig. 1). 
Ultrastructural characterization
Representative images of RAW264.7 cells observed under the TEM have been presented in Fig. 2 . Cells of the control groups showed normal morphology including a large nucleus with clear membrane boundary, uniform cytoplasm with rare cytoplasmic vacuoles, and wellorganized organelles ( Fig. 2A, a) . Cells infected with E. faecalis showed internalization in the cytoplasm of the macrophages and envelopment with the unit membrane (Fig. 2B, C) which was either intact or damaged (Fig. 2b, c) . The infected cells were characterized by abundant organelles associated with phagocytosis and metabolic activity, such as lysosomes and mitochondria (Fig. 2b, c) . This intracellular machinery appeared more pronounced in the LEF-infected cells (Fig. 2b) compared with HKEF-infected ones (Fig. 2c) . Furthermore, no mitochondrial swelling or nuclear condensation was observed in these cells indicating absence of apoptotic change.
Phagocytosis of RAW264.7 cells
CLSM revealed that the FITC-labeled HKEF could be effectively engulfed by the RAW264.7 cells (Fig. 3A) . More fluorescent bacteria were observed in the LEF-and HKEF-treated cells compared to the control at 6 h and 24 h post-infection. LEF-infected cells demonstrated evidence of more phagocytic activity than HKFF-treated cells, especially at 24 h post-infection (Fig. 3A) . Flow cytometry revealed similar results. The number of FITC-labeled cells was significantly higher in the LEF group compared to the HKEF and control groups (P < 0.01). There was also evidence of increased rate of phagocytosis of infected cells at 24 h (Fig. 3B, C) .
Expression of inflammatory cytokines
There was significant upregulation in the expression of all inflammatory cytokines in the infected cells (P < 0.01). Expression of the tested genes was higher at the growth phase of 6 than at 24 h after infection with the exception of iNOS (Fig. 4) . At 6 and 24 h after infection, expression of IL-1β, IL-6, and MCP-1 increased in the LEF group compared to the HKEF group (P < 0.01) (Fig. 4A, C, D) .
Osteoclast differentiation
Differentiation of RAW264.7 to multinuclear osteoclasts was significantly prevented by both LEF and HKEF infection with the effect of LEF being more significant (Fig. 5A) . Both the number and size of cells was significantly affected in the LEF group compared to the HKEF group and controls (P < 0.05).
The number of multinucleated osteoclasts was very low in the LEF group (Fig. 5A) . Additionally, a significant reduction in the number of TRAP+ osteoclasts was noted in this group (Fig. 5B) . The size of osteoclasts was negatively influenced by infection with E. faecalis. The number of large osteoclasts (> 10 nuclei per cell) was remarkably lower in both E. faecalis-infected groups compared to the controls (Fig. 5C) . The qRT-PCR results reflected the same, wherein genes related to osteoclastogenesis being significantly downregulated in both LEF and HKEF groups compared to the positive control, with the downregulation in the LEF group being more significant (P < 0.05) (Fig. 5D ).
Discussion
Several aspects of the role of E. faecalis in pathogenesis of PAP have been researched extensively [8, 9] , but, the literature is severely lacking in demonstrating the precise effects of this bacterium on osteoclastogenesis. Osteoclasts are multinucleated cells derived from monocyte/ macrophage precursors [20] . Recent osteo-immunological studies have shown a close relationship between cells of the immune system (such as macrophages, T cells and NK cells) and osteoclasts [21] [22] [23] [24] . Signaling pathways involved in the regulation of antigen-presenting cells also play an important role in osteoclastogenesis [22] , suggesting that osteoclast precursors play an important role in the bone resorption process, as well as in regulating inflammation. To this effect, there is an increasing interest in exploring the "dual identity" of macrophages but most available research on this aspect centers around transitory inflammatory reaction of macrophages activated by E. faecalis [25, 26] . Changes in osteoclastogenesis due to E. faecalis infection have not been extensively explored.
In the present study, we established an in vitro model to evaluate the effect of E. faecalis on proliferation, inflammatory reactions, and osteoclastogenesis of RAW264.7 macrophages, with an aim to observe the global impact of this pathogen, including components of the bacteria and its secretory molecules. Interactions between bacteria and host cells are much more complex than that of bacterial components and host cell membrane. This is justified by the results of previous studies that used purified bacterial by-products and inactivated E. faecalis as individual stimulants for osteoclast precursors with inconsistent results [15] [16] [17] . Indeed, while the LTA of E. faecalis has been consistently shown to contribute to the inflammatory responses and chemokine production, there is also a TIR domain containing protein (Tcp) in E. faecalis which appears to limit host cell immune activation [27, 28] . Cells treated with HKEF were established synchronously as controls in our study. We observed that the HKEF contributed partially to the induced responses compared to LEF, implying that the heat process may denature and Fig. 1 . Effect of E. faecalis on cell viability in RAW264.7 cells. The proliferation ability of LEF or HKEF infected RAW264.7 cells at MOI = 100 was measured using the CCK-8 assay at 0, 24, 48, 72 and 96 h post infection. RAW264.7 cells exposed to bactericides (nisin and ciprofloxacin) for 1 h served as negative controls, and cells without any treatment were used as blank controls. *P < 0.05, compared with the blank controls.
consequently, inactivate some virulence factors.
To develop a robust in vitro infection model, it is essential to identify strategies that can rapidly and effectively kill E. faecalis; considering the ability of E. faecalis to resist (both intrinsic and acquired) a wide array of antibiotics. We utilized nisin in conjunction with ciprofloxacin. In our experiments (data not shown), we identified that ciprofloxacin (8 μg/mL) in combination with nisin (4000 μg/mL) could exterminate E. faecalis (5× 10 7 CFU/mL) within 1 h. Cell viability measurements confirmed this, indicating that neither the brief duration of infection nor the bactericide exhibited cytotoxic effects on RAW264.7 cells. In our study, 2 h infection by LEF was considered appropriate because the faster growth rate of E. faecalis after 2 h, with an increase in MOI, makes it challenging to harvest macrophages. Cell viability of macrophages did not significantly decrease after 2 h of infection. LEF stimulation significantly increased the cell viability at 24 and 48 h of infection. However, TRAP staining showed that both LEF and HKEF at 2 h of infection could inhibit osteoclastogenesis of macrophages indicating that the cytotoxic effect of infection was irrelevant to the inhibition of osteoclastogenesis.
The present study demonstrated that RAW264.7 cells infected with LEF and HKEF significantly upregulated expression of inflammatory cytokine iNOS and stimulated phagocytic activity of macrophage. Phagocytosis of disease-relevant particles inhibits RANKL-mediated osteoclastogenesis of human monocytes [29] , hence we hypothesized that infection of osteoclast precursors by E. faecalis may demonstrate a pattern to maintain the infected cells as part of the inflammatory system by inhibiting their differentiation into mature osteoclasts while upregulating the production of inflammatory cytokines, thus promoting osteoclast differentiation. Our results showed that E. faecalis infection not only significantly reduced the RANKL-dependent induction of osteoclastogenic marker genes, including Acp5, Ctsk, and c-fos, but also down-regulated osteoclast fusogenic genes Dcstamp and Atp6v0d2. Inhibition of osteoclastogenesis by E. faecalis infection was also demonstrated by TRAP activity measurements. Rather than accelerating the differentiation of osteoclast precursors into osteoclasts, E. faecalis infection appeared to enhance the immune response by promoting cytokine production and bacterial phagocytosis of osteoclast precursors, thus contributing to bacterial clearance.
The findings of our study corroborate with earlier findings [15, 16] showing that both HKEF and purified LTA of E. faecalis inhibited osteoclast differentiation of macrophages. Such results have also been demonstrated with pathogens such as Staphylococcus aureus [30] , Porphyromonas gingivalis [31] , or even inanimate particles such as latex beads [29] . In the case of bone destruction in periodontitis, immunocytes T lymphocytes and B cells grow abundantly in the presence of periodontopathogens, along with an increase in the production of proinflammatory mediators IL-1 and TNF-α [32] . These proinflammatory cytokines act as pro-osteoclastogenic factors to activate osteoclasts through RANKL production by osteoblasts, eventually leading to alveolar bone loss. This has also been elucidated by the lack of marked bone destruction in immunodeficient mice (SCID), confirming the role of immune regulation in bacteria-mediated osteoclastogenesis [33] . Based on this knowledge, we speculated that bone destruction caused by E. faecalis infection could be primarily mediated by the host cell immune response. Indeed, considering the upregulated gene expression of various inflammatory cytokines IL-1β, TNF-α, IL-6, and MCP-1, all of which have been reported to promote the osteoclast differentiation in the induction of RANKL [7, 34, 35] , E. faecalis infection Total RNA was extracted 6 h and 24 h post stimulation and expression level of the genes was quantified with qRT-PCR assay. The data represent one experiment that was performed in triplicate and are representative of the other two experiments. The expression of genes in LEF infected cells was significantly higher than that in the HKEF infected cells; gene expression in the infected cells (LEF or HKEF) was higher than that in non-infected cells (**P < 0.01, compared with the control group; ##P < 0.01, compared with the group infected by HKEF at the same time point). Abbreviations: IL-1β, interleukin-1β; TNF-α, tumor-necrosis factor-α; IL-6, interleukin-6; MCP-1, monocyte chemoattractant protein-1; and iNOS, inducible nitric oxide synthase.
of macrophages appeared to keep their abilities as activated macrophages, actively secreting pro-osteoclastogenic factors, thus exerting an indirect effect on bone destruction.
Conclusion
In summary, this in vitro model to study the interaction between live E. faecalis and osteoclast precursors revealed that infection by E. faecalis (i) upregulated the expression of various inflammatory factors, (ii) enhanced the phagocytosis of osteoclast precursors and, (iii) markedly attenuated their differentiation into mature osteoclasts. Collectively, E. faecalis infection of osteoclast precursors redirects their differentiation from mature osteoclasts to retain their roles in immunoregulation as activated macrophages. Such a mechanism may be significant in host defense in the pathogenesis of persistent apical periodontitis. Further studies are needed to precisely define the role of E. faecalis in the bone remodeling process. 
